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PREDICTIVE ARBITRATION CIRCUIT

FIELD OF THE INVENTION

The invention generally relates to a crossbar switch
predictive arbitration circuit.

BACKGROUND OF THE INVENTION

High-performance computer (“HPC”) systems typically
include many processors, each with its own local memory.
At least some pairs of the processors are iterconnected via
links to enable each processor to access memory (“non-local
memory”’) of each, or at least some, of the other processors.
Some such systems are constructed according to non-uni-
form memory access (“NUMA”) designs, 1n which access to
non-local memory 1s slower than access to local memory.
Because a HPC system may not include a separate link
between every pair of processors, some non-local memory
accesses are routed through third (or more) processors,
thereby traversing multi-hop routes. However, determining,
routes quickly for each non-local memory access poses
problems. Furthermore, congested links or routes retard
non-local memory accesses, thereby negatively impacting
performance of the affected processor(s).

A crossbar switch 1s an assembly of individual switches
between a set of inputs and a set of outputs. The switches are
arranged 1n a matrix. It the crossbar switch has M inputs and
N outputs, then a crossbar has a matrix with MxN cross-
points or places where the connections cross. At each
crosspoint 1s a switch that, when closed, connects one of the
inputs to one ol the outputs. One exemplary crossbar is a
single layer, non-blocking switch 1n which other concurrent
connections do not prevent connecting other inputs to other
outputs. Collections of crossbars can be used to implement
multiple layer and blocking switches.

A typical crossbar arbitration scheme can make use of
various different protocols to flow trathic from competing
sources. These algorithms typically include round robin and
aging arbitration protocols. Arbiters that are configured to
support multiple algorithms are often very complex or make
significant comprises 1 order to meet stringent timing
requirements.

SUMMARY OF VARIOUS EMBODIMENTS

In accordance with one embodiment of the invention, a
switch with predictive arbitration comprises a plurality of
source ports, each source port associated with a respective
data stream, a destination port, and a predictive arbitration
circuit for arbitrating accesses by the data streams to the
destination port, wherein the predictive arbitration circuit 1s
configured to determine, for each of a number of data
streams having packets for the destination port, a count of
the number of data sources associated with the data stream;
determine a count of the total number of data sources
competing for access to the destination port based on the
count determined for each of the number of data streams;
and provide accesses for the data streams having packets for
the destination port based on the total number of data
sources competing for the destination port.

In accordance with another embodiment of the invention,
an arbiter for use 1n arbitrating accesses by a number of data
streams to a shared resource comprises a shared resource
and a predictive arbitration circuit configured to determine,
for each of a number of data streams having packets for the
shared resource, a count of the number of data sources
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2

assoclated with the data stream; determine a count of the
total number of data sources competing for access to the
shared resource based on the count determined for each of
the number of data streams; and provide accesses for the
data streams having packets for the shared resource based on
the total number of data sources competing for the shared
resource.

In accordance with another embodiment of the invention,
a method for arbitrating accesses by a number of data
streams to a shared resource comprises determining, for each
of a number of data streams having packets for the shared
resource, a count of the number of data sources associated
with the data stream; determining a count of the total number
of data sources competing for access to the shared resource
based on the count determined for each of the number of
data streams; and providing accesses for the data streams
having packets for the shared resource based on the total
number of data sources competing for the shared resource.

In various alternative embodiments, the predictive arbi-
tration circuit may be configured to receive, from at least one
source port, the count of the number of data sources asso-
ciated with the respective data stream. The predictive arbi-
tration circuit may be configured to receive the count on a
communication connection between the source port and the
destination port used for transporting packets of the respec-
tive data stream from the source port to the destination port
and/or may be configured to receive the count outside of a
communication connection between the source port and the
destination port used for transporting packets of the respec-
tive data stream from the source port to the destination port.
The predictive arbitration circuit may be configured to
provide accesses for the data streams having packets for the
destination port 1n proportion to the number of data sources
associated with the data stream relative to the total number
of data sources competing for the destination port. The
predictive arbitration circuit may be further configured to
output the count of the total number of data sources com-
peting for access to the destination port, e.g., over the
destination port.

BRIEF DESCRIPTION OF TH.

(L]

DRAWINGS

Those skilled 1in the art should more fully appreciate
advantages of various embodiments of the mvention from
the following “Description of Illustrative Embodiments,”
discussed with reference to the drawings summarized imme-
diately below.

FIG. 1 1s a schematic diagram showing an exemplary
switching system that i1s configured to switch or route
packets between nodes of a network.

FIG. 2 1s a schematic diagram showing an exemplary
switching system 1n the form of a crossbar or matrix switch,
in accordance with various exemplary embodiments.

FIG. 3 1s a schematic diagram showing elements of a tile
of the exemplary switching system of FIG. 2, in accordance
with various exemplary embodiments.

FIG. 4 1s a schematic diagram of an arbiter of the
exemplary tile of FIG. 3, 1n accordance with various exem-
plary embodiments.

FIG. 5 1s a schematic diagram showing elements of the
arbiter ol FIG. 4, 1n accordance with various exemplary
embodiments.

FIG. 6 1s a schematic diagram showing an exemplary
switching system with an age-based arbitration circuit, 1n
accordance with various exemplary embodiments.
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FIG. 7 1s a logic tlow diagram for the age tracker of an
age-based arbitration circuit, in accordance with various
exemplary embodiments.

FIG. 8 1s a logic tflow diagram for predictive arbitration by
the arbiter of a port, 1n accordance with various exemplary
embodiments, 1 accordance with various exemplary
embodiments.

FIG. 9 1s a logic tflow diagram for predictive arbitration by
the queue circuit of a port, 1n accordance with various
exemplary embodiments.

FI1G. 10 1s a schematic diagram showing a shared resource
pool maintained by a destination, in accordance with various
exemplary embodiments.

FIG. 11 1s a schematic diagram showing some possible
arrangements of virtual channels for a shared-credit arbitra-
tion circuit in the context of a tile of a switching system such
as of the type shown 1n FIG. 3, 1n accordance with various
exemplary embodiments.

FIG. 12 1s a flow chart for processing packets by a
destination arbiter in a shared-credit arbitration circuit, in

accordance with various exemplary embodiments.

FI1G. 13 1s a flow chart for processing packets by a source
associated with a virtual channel 1n a shared-credit arbitra-
tion circuit, 1 accordance with various exemplary embodi-
ments.

FI1G. 14 1s a flow chart for returning a credit to the source
upon ifreeing a dedicated resource by the destination arbiter
in a shared-credit arbitration circuit, in accordance with
various exemplary embodiments.

FIG. 15 1s a flow chart for processing a returned credit by
the source 1n a shared-credit arbitration circuit, 1in accor-
dance with various exemplary embodiments.

FIG. 16 1s a schematic diagram showing multiple virtual
channels between a source device and a destination device
(arbiter) for a shared-credit arbitration circuit, in accordance
with various exemplary embodiments.

FIG. 17 1s a schematic diagram showing a DAMQ bufler
system with credit-based arbitration, 1n accordance with
various exemplary embodiments.

FIG. 18 1s a schematic diagram showing logic blocks
associated with management of bufler pools 1n the shared
DAMQ of FIG. 17, 1n accordance with various exemplary
embodiments.

FIG. 19 1s a schematic diagram showing the elements of
a scripted arbiter, in accordance with various exemplary
embodiments.

FIG. 20 1s a schematic diagram showing a sample script
for use by a scripted arbiter, 1n accordance with one specific
exemplary embodiment.

FIG. 21 1s a schematic diagram showing the elements of
the scripted arbitration controller, 1n accordance with vari-
ous exemplary embodiments.

FI1G. 22 1s a schematic diagram showing additional details
of the arbitration protocol controller 2116, in accordance
with various exemplary embodiments.

FIG. 23 schematically shows a logical view of an exem-
plary high-performance computing system that may be used
with 1llustrative embodiments of the present invention.

DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

Definitions

As used herein, the following terms have the following
definitions, unless their context indicates otherwise.
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A “network” 1s a communication system in which infor-
mation can be transmitted unidirectionally and/or bidirec-
tionally between two or more nodes.

A “packet” 1s a generic name for any unit of information
that 1s processed 1n a network, switching system, computer,
or other system such as for transmitting information or
storing information. Unless the context otherwise requires, a
packet 1s not limited to any particular type, format, or
protocol. Thus, a packet generally may include, without
limitation, a communication protocol message (e.g., a frame,
packet, datagram, user datagram, cell, protocol data unit,
inter-processor message, etc.), a data representation (e.g., a
block, file, object, etc.), or other unit of information includ-
ing portions thereolf. In certain exemplary embodiments, a
packet may be a “flit,” where a “thit” 1s a single transmission
unit of a communication message (1.€., a communication
message may be transmitted as a single tht or may be
divided into multiple fhits).

A “node” 1n a network can be any type of device that can
send and/or receive packets of information, such as, for
example, and without limitation, a computer, a computer
processor, a computer memory, a client device, a server
device, or a socket, to name but a few. Some networks
contain all the same type of nodes (e.g., all the nodes may
be computer processors) while other networks contain a
mixture of diflerent types of nodes (e.g., some nodes may be
computer processors while other nodes may be computer
memories).

A “switching system” 1s an electronic device or group of
devices that switches or routes packets of information
between two or more nodes 1n a network. Such switching or
routing can be performed based on information contained in
the packets of information, such as, for example, a destina-
tion address or destination port number.

A “port” 1s a communication interface of a switching
system. Generally speaking, a switching system includes a
number of network ports, where each network port i1s
coupled to a corresponding network node. It should be noted
that a switching system can be a network node in some
network configurations. For example, ports of one switching
system can be coupled to ports of other switching systems to
establish an internetwork containing multiple switching sys-
tems.

A “computer” 1s an electronic system that includes a
memory that stores coded instructions and a processor
coupled to the memory and configured to fetch and execute
the 1nstructions.

This patent application relates generally to a predictive
arbitration circuit for use 1n arbitrating access by a number
of data streams to a shared resource managed by a destina-
tion (arbiter), where each data stream 1s associated with a
number of sources competing for the shared resource, and
the destination provides access to the shared resource based
on the number of sources competing for the shared resource
rather than just on the number of data streams. Among other
things, this approach can more fairly distribute access to the
shared resource among the competing sources.

Various exemplary embodiments are now described with
reference to an arbiter in switching system such as a crossbar
or matrix switching system, although 1t should be noted that
the present mvention 1s not limited to use in crossbar or
matrix switching systems but instead can be used more
generally for arbitration 1n virtually any type of network or
switching system including, without limitation, access to
any of a wide variety of shared resources such as commu-
nication connections, cache memories, or buffers, to name
but a few.
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FIG. 1 1s a schematic diagram showing an exemplary
switching system 100 that 1s configured to switch or route
packets between nodes of a network. In this example, the
switching system 100 1s configured to switch or route
packets between nine nodes (for convemence, numbered 1
through 9), although 1t should be noted that switching
systems generally can be configured to support any number
of nodes. Generally speaking, any node can send packets of
information to and receive packets of information from any
other node 1n the network.

FIG. 2 1s a schematic diagram showing switching system
100 1n the form of a crossbar or matrix switch, 1n accordance
with various exemplary embodiments. Here, the switching,
system 100 includes nine switching elements (referred to
herein as “tiles”) numbered 1 through 9. Each tile has a
network port (labeled “N’) and four fabric ports (labeled
“A” through “D”), where each fabric port 1s coupled to a
corresponding fabric port of another tile to form a mesh
configuration. With reference to FIG. 1, 1n this example, the
network port of a given tile n would be coupled to Node n.
Thus, 1 this example, the network port of Tile 1 would be
coupled to Node 1, the network port of Tile 2 would be
coupled to Node 2, and so on. In certain exemplary embodi-
ments, the entire switching system 100 shown in FIG. 2
preferably would be implemented 1in hardware, e.g., as an
Application Specific Integrated Circuit (ASIC) or using one
or more Field Programmable Gate Arrays (FPGAs).

In this example, the tiles are interconnected 1n a matrix
configuration through rows and columns, although other
types of mterconnections are possible 1n various alternative
embodiments. Specifically, 1n this example, the matrix con-
figuration includes three rows of tiles (1.e., a first row
including Tiles 1-3; a second row including Tiles 4-6; and a
third row including Tiles 7-9) and three columns of tiles (1.¢.,
a first column 1ncluding Tiles 1, 4 and 7; a second column
including Tiles 2, 5 and 8; and a third column including Tiles
3, 6 and 9). In this example, each tile 1s coupled to the other
tiles 1n 1ts row and 1s coupled to the other tiles 1n 1ts column.
For example, Tile 1 1s coupled via port A to Tile 2, via port
B to Tile 3, via port C to Tile 4, and via port D to Tile 7. In
certain exemplary embodiments, using this matrix configu-
ration, switching or routing a packet of information from one
network port to another network port can be performed
using no more than two “hops,” where a “hop” 1s a transier
from one tile to another tile. For example, to switch or route
a packet of information from Node 9 to Node 1, the
switching system 100 may be configured for Tile 9 to
transmit the packet via 1ts port B to Tile 7, and Tile 7 may
be configured to transmit the packet via 1ts port D to Tile 1.
Of course, there are other pathways within the switching
system 100 to switch or route a packet from Node 9 to Node
1, so different embodiments may employ different switch-
ing/routing logic. An exemplary bandwidth on-demand
adaptive routing scheme for a crossbar switching system 1s
described 1n U.S. Pat. No. 9,237,093 entitled BANDWIDTH
ON-DEMAND ADAPTIVE ROUTING, which 1s hereby
incorporated herein by reference 1n its entirety. It also should
be noted that various alternative embodiments may include
additional pathways within the switching system 100. For
example, additional pathways may be included to form a
tully interconnected configuration mm which every tile is
coupled to every other tile; using such a configuration,
switching or routing a packet of information from one
network port to another network port can be performed
using a single hop. The present invention 1s not limited to
any particular type or configuration of switching system, nor
to any particular number of interconnected tiles.
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FIG. 3 1s a schematic diagram showing elements of a tile
310, 1n accordance with various exemplary embodiments. In
this example, each tile 310 includes a network port and a
number of fabric ports interconnected via an internal switch-
ing system 311. In this example, each port 1s capable of
receiving packets from and transmitting packets to a node
external to the tile 310 (in which case the other tiles to which
the tile 310 1s coupled can be considered nodes with respect
to the mternal switching system 311). In this example, each
port includes a queue circuit (referred to herein as a “queue™)
for temporarily storing packets recerved from the external
node and an arbitration circuit (referred to herein as an
“arbiter’”) configured to process packets received from the
internal switching system 311 to be transmitted to the
external node. Typically, the arbiter of a port may receive
multiple packets from the internal switching system 311
(e.g., packets from two or more of the other ports), 1n which
case the arbiter determines the order in which the packets are
transmitted to the external node using a predetermined
arbitration scheme. Some exemplary arbitration circuits and
arbitration schemes are discussed below.

FIG. 4 1s a schematic diagram of an arbiter 400, 1n
accordance with various exemplary embodiments. From a
“black box” perspective, the arbiter 400 receives packets
from the internal switching system 311 via various input
interfaces and outputs the packets over an output interface.
When multiple packets are available to be output, the arbiter
400 determines the order 1n which the packets are output
using a predetermined arbitration scheme.

FIG. 5 1s a schematic diagram showing the elements of
arbiter 400, 1n accordance with various exemplary embodi-
ments. Among other things, the arbiter 400 includes an
arbitration controller 402 and a switching circuit 404. When
multiple packets are available to be output, the arbitration
controller 402 determines the order in which the packets are
output and controls the switching circuit 404 to output the
packets 1n the determined order. The arbitration controller
402 and the switching circuit 404 can be separate devices or
can be a single device that effectively performs both the
order determination and the switching. The switching circuit
404 can include a physical switch or a logical switch.

The arbiter 400 can be configured to implement any of a
wide variety of arbitration schemes. Two common classes of
arbitration schemes include round-robin arbitration and age-
based arbitration. In round-robin arbitration, the arbiter 400
typically determines the order for outputting packets on a
round-robin basis, e.g., 1f multiple inputs are competing for
bandwidth, then the arbiter 400 may output a number of
packets from a first input, then a number of packets from a
second mput, and so on, stepping through the inputs in a
round-robin fashion. In age-based arbitration, the arbiter 400
typically determines the order for outputting packets based
on the ages of the packets, e.g., allowing older packets to be
output before newer packets. In some embodiments, the
arbiter 400 1s configured to implement a combination of
round-robin and age-based arbitration, although such imple-
mentations are often very complex or make significant
comprises in order to satisiy timing requirements.

Age-Based Arbitration

In a typical switching system or other shared resource
system, age-based arbitration can be implemented by the
arbiter 400, specifically by comparing, 1n real time, the ages
ol packets available at multiple input interfaces and choos-
ing the packet with the oldest age as the next packet to
output. One possible 1ssue with such age-based arbitration 1s
that real-time comparison of packet ages by the arbiter 400
often has an adverse timing and/or latency impact on the
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switching system. Another possible 1ssue with such age-
based arbitration 1s that one node with predominantly high
packet ages can eflectively “lock out” nodes with lower
packet ages.

Therefore, in certain exemplary embodiments, the age
comparison 1s moved from the arbiter 400 to the queue
circuit, which 1s configured to assign a high prionity (HP)
flag to a given packet 1f the packet age exceeds a predeter-
mined threshold. The HP flag 1s associated with the packet
(e.g., included 1n a flag field 1n a packet header or conveyed
“out-of-band” separately from the packet) and 1s used by
cach arbiter that subsequently processes the packet to give
priority to the packet over packets without the HP flag.
Among other things, this approach removes the real time age
comparison from all the arbitration points and simplifies
timing and can improve latency.

In certain exemplary embodiments, the predetermined
threshold 1s based on the ages of packets entering the
switching system on the tile network ports (e.g., the average
age). FIG. 6 1s a schematic diagram showing a switching
system 600 with an age-based arbitration circuit, in accor-
dance with various exemplary embodiments. Among other
things, the switching system 600 includes a number of tiles
610 (only one tile 610 1s shown for convenience) and an age
threshold computer 620. The age threshold computer 620
receives packet age information from the tile network port
queue circuits, computes the predetermined threshold, and
distributes the predetermined threshold to all of the file
network port queue circuits. In this regard, the tile network
port queue circuits are configured to include an age tracker
circuit 612 that tracks packet age information for mncoming
network packets, transmits the packet age information to the
age threshold computer 620, receives the predetermined
threshold from the age threshold computer 620, performs the
age comparison on incoming network packets, and assigns
an HP flag to network packets having a packet age that
exceeds the predetermined threshold. The arbiter 400 1is
configured to output packets based on the existence or
absence of an HP flag 1n packets competing for bandwidth
rather than performing an age comparison in real time,
thereby greatly simplifying the arbiter. The age threshold
computer 620 may compute and distribute a new threshold
from time to time, thereby allowing the switching system
600 to dynamically adjust based on the ages of packets.

In some exemplary embodiments, to msure that a given
source with high incoming packet ages does not lock out
other sources at the arbitration points, the age tracker circuit
612 1s further configured to assign HP status to certain
incoming packets regardless of actual packet age (e.g., every
Nth packet) 1n order to ensure that all nodes will occasion-
ally get a chance to flow.

In certain alternative embodiments, the predetermined
threshold 1s a programmable threshold that i1s distributed to
the tile network port queue circuits. In this regard, the age
threshold computer 620 can be eliminated from the switch-
ing system 600, and the age tracker 612 can be configured
to apply the predetermined threshold to incoming network
packets without having to track packet age information for
incoming network packets and transmit packet age informa-
tion to an age threshold computer. The programmable
threshold may be set once or may be updated from time to
time, €.g., based on network congestion information.

FI1G. 7 1s a logic flow diagram for the age tracker 612, in
accordance with various exemplary embodiments. In block
702, the age tracker 612 tracks packet ages. In block 704, the
age tracker 612 transmits packet age information to the age
threshold computer 620. In block 706, the age tracker 612
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receives the predetermined threshold from the age threshold
computer 620. In block 708, the age tracker 612 receives an
incoming packet. In block 710, the age tracker 612 compares
the packet age to the predetermined threshold. In block 712,
the age tracker 612 assigns an HP flag to the packet 1if the
packet age exceeds the threshold. In block 714, the age
tracker 612 optionally assigns an HP flag to the packet
regardless of packet age.

Predictive Arbitration

In a typical switching system or other shared resource
system, even seemingly equal bandwidth distribution among,
competing sources at a given arbitration point (e.g., using
round-robin arbitration) can lead to unequal bandwidth
distribution across the switching system.

For example, with reference to FIG. 2, imagine that Tile
2, Tile 8, and Tile 9 are simultaneously transmitting packets
to Tile 1, with the packets from Tile 8 and Tile 9 being
transierred through Tile 7 to Tile 1. In this case, Tile 9 port
B transmits packets to Tile 7 port B and Tile 8 port A
transmit packets to Tile 7 port A, and both the Tile 8 and Tile
9 data streams will need to share the Tile 7 port D connection
to Tile 1. With round-robin Arbitration at Tile 7 port D, both
Tile 8 and Tile 9 theoretically will get 50% of the bandwidth
on the Tile 7 port D connection to Tile 1 port D (i.e., the
arbiter at Tile 7 port D may alternate between the two
requesting sources). Both Tile 8 and Tile 9 data streams
arrive at Tile 1 on the same connection, 1.e., Tile 1 port D.
The Tile 2 data stream arrives at Tile 1 on port A. The
round-robin arbiter on the Tile 1 network port will see two
competing sources (1.e., port A and port D) and will divide
the bandwidth evenly between those two sources. Thus, port
A will get 50% of the Tile 1 network port bandwidth and port
D will get 50% of the Tile 1 network port bandwidth.
However, since Tile 1 port D 1s carrying two data streams
(1.., one from Tile 8 and one from Tile 9), the overall
bandwidth for the Tile 8 and Tile 9 data streams eflectively
1s reduced to one half of 50% or 25% each.

Therefore, 1n various exemplary embodiments, the arbiter
at each fabric port 1s configured to provide a count of the
number of active sources competing for bandwidth. For
example, using the above scenario, the arbiter at Tile 8 port
A would provide a count of 1 to Tile 7 to indicate that the
packets received from Tile 8 port A are associated with a
single source, and the arbiter at Tile 9 port B would provide
a count of 1 to Tile 7 to indicate that the packets received
from Tile 9 port B are associated with a single source.
Theretore, Tile 7 port D would provide divide the bandwidth
of Tile 7 port B equally between Tile 8 and Tile 9 and would
provide a count of 2 to Tile 1 to indicate that two sources
(1.e., Tile 8 and Tile 9) are competing for bandwidth.
Furthermore, the arbiter at Tile 2 port A would provide a
count of 1 to Tile 1 to indicate that the packets received from
Tile 2 port A are associated with a single source. Then, the
arbiter on the Tile 1 network port can determine the total
number of sources competing for bandwidth (in this
example, the total number of sources would be three) and
can allocate the Tile 1 network port bandwidth based on the
total number of sources. In this above example, there are
three sources competing for Tile 1 network port bandwidth
(two via Tile 1 port D and one via Tile 1 port A), so the
arbiter on the Tile 1 network port generally would be
configured to allocate 24 of the bandwidth to Tile 1 port D
and %3 of the bandwidth to Tile 1 port A, for example, by
outputting two packets from port D for every one packet
output from port A. In this way, Tile 2, Tile 8, and Tile 9 each
receives 13 of the Tile 1 network port bandwidth. Thus, by
providing a count of the number of active sources associated
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with a data stream, the arbiter at the receiving tile can
distribute bandwidth more fairly among the competing
sources.

It should be noted that in certain exemplary embodiments,
one or more of the intermediate data streams (i.e., the data
streams from Tile 2, Tile 8, and/or Tile 9 in the above
example) may include packets from multiple sources. For
example, assume that the data stream from Tile 9 to Tile 1
agoregates packets from Tile 6 and Node 9. Here, Tile 9
would split the bandwidth on the connection to Tile 7
equally between 1ts two sources and would provide a count
of 2 to Tile 7. Tile 7 would then divide the bandwidth on the
connection to Tile 1 between three sources (e.g., 23 to Tile
9 and 14 to Tile 8) and would provide a count of 3 to Tile 1.
Tile 1 would then divide the Tile 1 network port bandwidth
between four sources (e.g., % to Tile 1 port D and V4 to Tile
1 port A).

In certain exemplary embodiments, 1f the network port
has packets for the outgoing connection to the destination
(1.e., over one of the fabric ports), the network port 1s
considered to be associated with a single source for purposes
of predictive arbitration as discussed herein, because the
external node from which packets are received at the net-
work port generally will not provide a count of the number
of sources associated with the data stream.

FIG. 8 1s a logic tflow diagram for predictive arbitration by
the arbiter of a port, 1n accordance with various exemplary
embodiments, 1n accordance with various exemplary
embodiments. In block 802, the arbiter starts with a count of
the number of competing sources equal to zero. In block
804, the arbiter determines which port(s) have packets for
the outgoing connection to the destination. In block 806, i
the network port has packets for the outgoing connection,
then the arbiter increments the count by one, since, 1n this
particular exemplary embodiment, the network port 1s con-
sidered to be associated with a single source for purposes of
predictive arbitration. In block 808, for each fabric port
having packets for the outgoing connection, the arbiter
increments the count by the number of sources associated
with the port, which, i this particular exemplary embodi-
ment, may be recerved from the transmitting fabric port. In
block 810, the arbiter outputs packets from ports having
packets for the outgoing connection based on the number of
sources associated with each port relative to the total number
of competing sources (e.g., as indicated by the count of the
number of competing sources). In block 812, the arbiter
preferably provides the number of competing sources to the
destination 1f destination 1s another switching element (tile).

In order to support predictive arbitration as discussed
herein, the queue circuit of each fabric port typically
includes special circuitry to receive a count of the number of
competing sources from the transmitting fabric port and to
provide the count for use by the arbiter associated with the
outgoing connection.

FIG. 9 1s a logic tflow diagram for predictive arbitration by
the queue circuit of a port, 1n accordance with various
exemplary embodiments. In block 902, the queue circuit
receives a data stream including packets for the outgoing
connection to the destination along with a count of the
number of sources associated with the packets. In block 904,
the queue circuit provides the count for use by the arbiter
associated with the outgoing connection, e€.g., by storing the
count in a computer-readable medium accessible by the
arbiter for the outgoing connection.

Shared-Credit Arbitration

In a typical switching system or other shared resource
system, shared resources at a destination (e.g., bandwidth on
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a destination communication channel or bufllers 1n a desti-
nation memory) can be accessed by multiple entities (re-
ferred to herein for convenience as “virtual channels™ or
“V(Cs”). Virtual channels can be separate physical channels
to the destination (e.g., different source ports accessing a
particular destination arbiter 1n a switching system such as
of the type discussed with reference to FIG. 3) or multiple
logical channels to the destination over a single physical
channel (e.g., different virtual channels for different packet
types or data streams). Thus, for example, multiple sources
can access shared resources at the destination over separate
physical/virtual channels, or a single source can access
shared resources at the destination using multiple virtual
channels over a single physical channel.

FIG. 16 1s a schematic diagram showing multiple virtual
channels between a source device and a destination device
(arbiter) over a single physical channel, 1n accordance with
various exemplary embodiments. In this example, there are
five virtual channels between the source device and the
arbiter. The virtual channels can be used for virtually any
type of access, such as, for example, separate virtual chan-
nels for different applications, sockets, communication pro-
tocols, or packet types (e.g., requests vs. responses), to name
but a few.

FIG. 11 1s a schematic diagram showing some possible
arrangements of virtual channels in the context of a tile of a
switching system such as of the type shown 1n FIG. 3, 1n
accordance with various exemplary embodiments. In this
example, each port A-D has a separate physical channel to
the arbiter of port N. From an arbitration perspective, the
separate physical channels from ports A-D to the arbiter of
port N may be considered separate virtual channels, with the
queue circuits of ports A-D representing separate sources for
such virtual channels. Thus, the arbiter of port N can
arbitrate accesses by ports A-D to port N (e.g., using
round-robin arbitration to cycle through ports A-D). Fur-
thermore, 1n certain exemplary embodiments, each of the
separate physical channels from ports A-D to the arbiter of
port N can include multiple logical channels. From an
arbitration perspective, the logical channels associated with
cach physical channel may be considered virtual channels,
with the queue circuit of each port representing a common
source for the virtual channels associated with that port.
Thus, the arbiter of port N can arbitrate accesses by the
logical channels of ports A-D to port N (e.g., using a form
of “round robin” arbitration to cycle through ports A-D on
a round-robin basis and, for each port, providing accesses to
the logical channels on a round-robin basis). It also would be
possible for a similar arrangement to exist for each of the
other arbiters.

Accesses can be divided among the virtual channels 1n a
variety of ways. For example, each virtual channel may be
allotted a dedicated amount of resources from a pool of
resources and/or multiple virtual channels may share a pool
of resources. One way to divide access among the multiple
virtual channels 1s to use a credit-based system in which
cach virtual channel 1s allotted a certain amount of credits
and the source associated with a particular virtual channel
(which manages the credits for the virtual channel) can
access the shared resource only when the virtual channel has
credits available. Each time a source associated with a
particular virtual channel accesses the shared resource, 1t
uses one of the virtual channel’s credits, and when the
destination frees the resource, the credit is returned by the
destination to the source. When the virtual channel has no
available credits, the source generally has to wait for
resources to be freed and credits returned by the destination.
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Some credit-based arbitration schemes include two types
of resource pools, namely a dedicated pool for each virtual
channel and a shared pool, and further include two types of
credits, namely dedicated credits and shared credits that are
allotted to the virtual channel s. Credit schemes utilizing
dedicated and shared credits often rely on the source(s)
being tully aware of the various credit streams available at
the destination shared resource. For example, in such credit
schemes, the source associated with each virtual channel
generally maintains a count of the number of dedicated
credits and a count of the number of shared credits available
to the virtual channel, and then the source chooses which
type of credit to use for a given destination access. This
approach can significantly complicate the overall implemen-
tation of the source(s).

Various exemplary embodiments employ a credit-based
arbitration scheme in which only the destination 1s aware of
the availability of shared credits, which significantly reduces
the complexity and required handshaking between the
source(s) and the destination. Specifically, the destination
maintains a dedicated amount of resources for each virtual
channel and also maintains a pool of resources that are
shared by and among the various virtual channels. The
source associated with each virtual channel 1s provided with
a number of credits for the virtual channel, which generally
(but not necessarily) represents the number or amount of
dedicated resources allotted for the virtual channel by the
destination. When a particular source wants to access the
shared resource over a particular virtual channel (e.g., to
transmit a packet of mformation to the destination), the
source can do so only 1f there 1s at least one credit available
for that virtual channel, and the source decrements the
number of available credits has associated with the virtual
channel for each packet 1t sends to the destination over the
virtual channel. Each packet typically includes a wvirtual
channel identifier for use by the destination, e.g., for 1den-
tifying the dedicated resources associated with the virtual
channel. The destination can choose, independently of the
source, to allocate a shared resource or a dedicated resource
tor the packet. It the destination allocates a shared resource
tor the packet, then the destination returns a credit back to
the source for that virtual channel, 1n effect hiding the fact
that the packet was used for a shared resource (if the
destination had allocated a dedicated resource for the packet,
the destination generally would not return the credit to the
source until that dedicated resource has been freed). Such a
shared-credit arbitration scheme can be used 1n any of a wide
variety ol contexts, such as, for example, controlling access
to an output port of a switch, e.g., controlled by an arbiter at
the destination, or controlling access to a computer memory,
¢.g., in a Dynamically Allocated Memory Queue (DAMQ)
butler.

FI1G. 10 1s a schematic diagram showing a shared resource
pool maintained by the destination, in accordance with
various exemplary embodiments. Here, the shared resource
pool 1s divided (either physically or logically) mto a dedi-
cated pool for each VC numbered 0-m and also including a
shared pool of resources. The shared resource pool may
include virtually any type of shared resource, such as, for
example, bullers, slots 1n an output queue, or bandwidth on
a communication connection, to name but a few.

FI1G. 12 1s a flow chart 1200 for processing packets by the
destination arbiter, 1n accordance with various exemplary
embodiments. In block 1202, the destination arbiter initial-
1zes a dedicated pool for each virtual channel and also
iitializes a shared pool. In block 1204, the destination
arbiter receives a packet from a source associated with a
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virtual channel. In block 1206, the destination arbiter deter-
mines 11 a shared resource 1s available 1n the shared pool. It
no shared resource 1s available 1n the shared pool (NO 1n
block 1208), then the destination arbiter allocates a dedi-
cated resource for the packet in block 1218 and recycles to
block 1204 to receive another packet. If, however, a shared
resource 1s available in the shared pool (YES 1n block 1208),
then the destination arbiter optionally determines whether to
allocate a shared resource or a dedicated resource for the
packet, 1n block 1210. The destination arbiter may make
such a determination, for example, based on the number of
shared resources available, the number or amount of shared
resources already being used for that virtual channel, or
other considerations. If the destination arbiter determines
that a dedicated resource should be allocated 1n block 1212,
then the destination arbiter allocates a dedicated resource for
the packet 1 block 1218 and recycles to block 1204 to
receive another packet. If, however, the destination arbiter
determines that a shared resource should be allocated in
block 1212, then the destination arbiter allocates a shared
resource for the packet, in block 1214, returns a credit to the
source for that virtual channel, 1n block 1216, and recycles
to block 1204 to receive another packet.

FIG. 13 1s a flow chart 1300 for processing packets by a
source assoclated with a virtual channel, 1n accordance with
various exemplary embodiments. In block 1302, the source
initializes the number of credits for the virtual channel,
which may be fixed or variable and may be pre-programmed
or provided by the destination arbiter. In block 1304, the
source determines that a packet 1s ready to be transmitted to
the destination over the virtual channel. In block 1306, the
source determines 1f at least one credit 1s available for the
virtual channel to the destination. Note that the source does
not need to diferentiate between dedicated credits and
shared credits; mstead, the source only needs to know 1f it
has a credit available. If the source determines that there are
no credits available for the virtual channel (NO in block
1308), then the source recycles to block 1304. If, however,
the source determines that there i1s at least one credit
available for the virtual channel (YES in block 1308), then
the source transmits the packet to the destination over the
virtual channel, 1n block 1310, decrements the number of
credits available for the virtual channel, 1n block 1312, and
recycles to block 1304.

FIG. 14 1s a flow chart 1400 for returming a credit to the
source upon Ireeing a dedicated resource by the destination
arbiter, in accordance with various exemplary embodiments.
In block 1402, the destination arbiter frees a dedicated
resource associated with a wvirtual channel, such as, for
example, by outputting the packet or freeing a bufler. In
block 1404, the destination arbiter returns a credit to the
source for the virtual channel.

FIG. 15 1s a flow chart 1500 for processing a returned
credit by the source, 1n accordance with various exemplary
embodiments. In block 1502, the source receives a returned
credit for the virtual channel from the destination arbiter. In
block 1504, the source increments the number of credits
associated with the virtual channel.

In one specific exemplary embodiment, credit-based arbi-
tration of the type described above 1s used in the context of
shared memory such as a Dynamically Allocated Memory
Queue (DAMQ) buller. Generally speaking, a DAMQ builer
1s a bufler scheme that utilizes a linked list of buffers for
cach virtual channel so that the overall memory resource can
be allocated between virtual channels on the fly. A dedicated
bufler pool may be allocated for each virtual channel, and a
shared builer pool may be allocated to be shared among the
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virtual channels. The dedicated builer pools generally ensure
forward progress for each virtual channel, and the shared
bufler pool generally allows optimization of overall bufler
resources based on active virtual channels. In this regard, the
shared credit pool can be thought of as a dynamically
adaptable extension to the normal DAMQ functionality,
where the linked lists associated with each destination port
on the DAMQ all support the combined total of both the
dedicated and shared credit pools. In effect, the DAMQ will
appear to be much larger than it really 1s (based on the
dedicated credit pool alone) and will dynamically adapt the
available shared queue space across all virtual channels
based on the flow of data from the source(s). The shared
builer pool also may provide lower latency, as a bufler entry
does not need to be freed betfore a credit can be returned to
source. As discussed above, 1n the described credit-based
arbitration scheme, the source 1s not aware of the presence
of the shared bufler pool, which significantly reduces the
overall complexity of source(s) for credit management.
FIG. 17 1s a schematic diagram showing a DAMQ bufler
system 1700 with credit-based arbitration, 1n accordance

with various exemplary embodiments. Among other things,
the DAMQ bufler system 1700 includes a credit-based

arbiter 1702 and a shared DAMQ 1704. Generally speaking,
the credit-based arbiter 1702 1s a circuit that implements the
destination-side arbitration, for example, as discussed above
with reference to FIGS. 12 and 14. Specifically, when the
credit-based arbiter 1702 receives a packet from a particular
source associated with a particular virtual channel, the
credit-based arbiter 1702 decides whether to store the packet
in a dedicated bufler associated with that virtual channel or
alternatively 1n a shared bufler. If the credit-based arbiter
1702 stores the packet 1n a shared bufler, then the credit-
based arbiter 1702 returns a credit to the source for the
virtual channel (in this example, via the Credit signal line
corresponding to the virtual channel (i.e., CreditO-Creditm
correspond to VCO-VCm).

FIG. 18 1s a schematic diagram showing logic blocks
associated with management of the bufler pools in the shared
DAMQ 1704, in accordance with various exemplary
embodiments. In this example, each virtual channel (i.e.,
VCO0-VCm) can be associated with multiple destinations
(1.e., Dest 0-Dest n). A linked list 1s maintained for each
virtual channel/destination. Each linked list includes a head
register for storing a head read address and a tail register for
storing a tail read address. The head register points to the
first butler in the queue and the tail register points to the last
bufler in the queue. A next free priority write address
generator generates the address for the buflers to be used for
storing packets for the virtual channel/destination. The vir-
tual channel/destination 1s selected via the Grant signal lines
(1.e., GrantO[n:0]-Grantm[n:0]).

Scripted Arbitration

In various exemplary embodiments, the arbiter 1s spe-
cially configured to run scripts to allow for fully program-
mable control of the arbitration process including, for
example, which port(s) or source(s) to prioritize 1n a given
arbitration cycle, and, when the arbiter supports multiple
arbitration schemes (e.g., round-robin arbitration and age-
based arbitration), which arbitration scheme to prioritize in
a given arbitration cycle.

Thus, for example, 1 certain exemplary embodiments,
the scripted arbiter can be controlled via a script to support
round-robin arbitration for zero or more arbitration cycles
tollowed by age-based arbitration for a zero or more arbi-
tration cycles, thereby allowing the arbiter to range from
tully round-robin at one extreme to fully age-based at the
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other extreme or to any degree of tuning between these two
extremes. Furthermore, the scripted arbiter can be config-
ured to allow for the implementation and selection of any
number of arbitration schemes, such as, for example, dii-
ferent types of round-robin arbitration schemes and/or dii-
ferent types of age-based arbitration schemes and/or other
types ol arbitration schemes. The scripted arbiter can be
configured to support source masking and explicit priority
control during arbitration cycles, as discussed herein. Opera-
tion of the scripted arbiter can be dynamically controlled by
changing the script, as opposed to reconfiguring the arbiter
itself.

FIG. 19 1s a schematic diagram showing the elements of
a scripted arbiter 1900, 1n accordance with various exem-
plary embodiments. Among other things, the scripted arbiter
1900 includes a scripted arbitration controller 1902, a script
storage 1903, and a switching circuit 1904. When multiple
packets are available to be output, the scripted arbitration
controller 1902 determines the order 1n which the packets
are output and controls the switching circuit 1904 to output
the packets in the determined order based on a script that 1s
stored 1n the script storage 1903. The arbitration controller
1902 and the switching circuit 1904 can be separate devices
or can be a single device that eflectively performs both the
order determination and the switching. The switching circuit
1904 can include a physical switch or a logical switch. The
script storage 1903 1s shown as being an element of the
scripted arbiter 1900, although 1n certain alternative embodi-
ments, the script storage 1903 may be external to the
scripted arbiter 1900 (e.g., in an external memory) that 1s
accessed by the scripted arbitration controller 1902.

FIG. 20 1s a schematic diagram showing a sample script,
in accordance with one specific exemplary embodiment. In
this example, each line of the script (which 1s referenced by
an 1ndex) mcludes a source mask field, a priority field, a
count field, and a done field. Thus, for example, the script
may be stored as an array of values, where each row in the
array represents a single line of the script and includes a
source mask value, a priority value, a count value, and a
done value for that line of the script. The index number 1s
generally not part of the script 1tself, although 1t may be 1n
certain embodiments. Similarly, the description information
1s generally not part of the script itself (although it may be
included in the script as non-executable remarks); the
description 1s included 1n this example to assist with under-
standing of the script.

In this exemplary embodiment, the source mask value
indicates which of five virtual channels (referred to 1n this
example as “sources” numbered from O to 4) are to be
provided access during the execution of that line of the
script. The priority value indicates which port(s) or source(s)
are to be given priority during round-robin arbitration cycles
(a zero priority value indicates age-based arbitration 1n this
exemplary embodiment). The count value indicates the
number of iterations the specified arbitration scheme 1s to be
run during the execution of that line of the script (e.g., the
count value may indicate the maximum number of packets
that can be provided access during execution of that line of
the script). The done value indicates whether or not the line
of the script represents the end of the script (a value of one
indicates the end of the script i this exemplary embodi-
ment). After executing the last line of the script, the scripted
arbiter 1s typically configured to recycle back to the first line
of the script.

The first line of this script (index 0) would cause the
scripted arbiter to perform round-robin arbitration across all
five sources for one cycle, with source number O given
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priority. Thus, for example, 1 source 0 had a packet to send,
then source 0 would be given access; otherwise the arbiter
would provide access to one of the other ports in a round-
robin fashion.

The second line of this script (index 1) would cause the
scripted arbiter to perform round-robin arbitration across all
five sources for one cycle, with source number 1 given
priority. Thus, for example, 11 source 1 had a packet to send,
then source 1 would be given access; otherwise the arbiter
would provide access to one of the other ports in a round-
robin fashion.

The third line of this script (index 2) would cause the
scripted arbiter to perform round-robin arbitration across all
five sources for one cycle, with source number 2 given
priority. Thus, for example, 1 source 2 had a packet to send,
then source 2 would be given access; otherwise the arbiter
would provide access to one of the other ports in a round-
robin fashion.

The fourth line of this script (index 3) would cause the
scripted arbiter to perform round-robin arbitration across all
five sources for one cycle, with source number 3 given
priority. Thus, for example, 11 source 3 had a packet to send,
then source 3 would be given access; otherwise the arbiter
would provide access to one of the other ports in a round-
robin fashion.

The fifth line of this script (index 4) would cause the
scripted arbiter to perform round-robin arbitration across all
five sources for two iterations, with source number 4 given
priority in both iterations. Thus, for example, 1n each itera-
tion, 1f source 4 had a packet to send, then source 4 would
be given access; otherwise the arbiter would provide access
to one of the other ports 1n a round-robin fashion. In various
alternative embodiments, nstead of starting each iteration
giving priority to source 4, the scripted arbiter may be
configured to continue round-robin arbitration based on
where the prior iteration ended.

The sixth line of this script (index 35) would cause the
scripted arbiter to perform age-based arbitration across
sources 1-4 for four cycles. Thus, for example, 1n each of the
four cycles, the arbiter would provide access to source 1,
source 2, source 3, or source 4 based on an age-based
determination (e.g., providing access to the source having
the oldest packet). The scripted arbiter may be configured to
provide access to one source per cycle.

The seventh line of this script (index 6) would cause the
scripted arbiter to perform age-based arbitration on source 0
for one cycle. In essence, this would give source 0 access
provided it had any packet to send.

Since the seventh line of this script 1s the end of the script
(1.e., the value of the done field 1s one), the arbiter generally
would recycle back to the first line of the script and continue
executing the script from there.

In certain exemplary embodiments, the scripted arbiter
may be configured to process consecutive round-robin lines
in a script on a collective basis rather than on a strict
one-by-one basis. For example, the scripted arbiter may be
configured to skip lines in the script that give priority to
sources that were given an opportunity for access during a
prior round-robin cycle. By way of example, assume that the
scripted arbiter ends up providing access to source 3 when
processing the first line (index 0) of the sample script (which

gives priority to source number 0). In this case, the scripted
arbiter may be configured to take no action when processing
lines 2-4 (indexes 1-3) and instead continue processing from
line 5 (index 4), which 1n this example would give source 4
priority for the next access. In this way, all five sources
would have been given an opportunity for access. If, mnstead,
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the scripted arbiter had processed each line of the script on
a strict one-by-one basis and if source 3 happened to have
multiple packets queued for access, then source 3 might
have been given up to four consecutive accesses (e.g., at line
1 prioritizing source 0, at line 2 prioritizing source 1, at line
3 prioritizing source 2, and at line 4 priontizing source 3)
before source 4 was given an opportunity for access. In
certain exemplary embodiments, a separate counter 1s used
to count and run the number of consecutive round-robin
cycles to be performed (collectively across all of the round-
robin script states) before moving on to the aging arbitration
phases of the script. Thus, for example, with reference again
to the sample script shown 1n FIG. 20, the separate counter
may be used to run five round-robin cycles before moving on
to the sixth and seventh lines, even when some lines 1n the
round-robin phase are skipped as discussed herein.

In certain exemplary embodiments, the winner for each of
the supported arbitration schemes can be calculated in
parallel, and then based on the script state, the scripted
arbiter can select the winner to be provided access 1n a given
grant cycle. Among other things, this can provide a signifi-
cant benefit to both timing and arbitration protocol support
without making unnecessary trade-oils 1n supported features
of the types often encountered when select features of
multiple arbitration protocols are combined into one com-
posite arbiter.

In order to insure optimum latency and the highest
throughput 1n avoiding “bubbles,” a default arbitration
scheme can also be added 1n parallel with the other algo-
rithms. This default arbitration scheme 1s utilized to insure
that 11 the primary algorithm does not produce a “winner”
(possibly due to source masking) that 1f any other source(s)
can flow, one will. The default arbitration scheme also may
incorporate a pseudo-random feature (or other methodol-
ogy) to resolve ties 11 necessary.

FIG. 21 1s a schematic diagram showing the elements of
the scripted arbitration controller 1902, 1n accordance with
various exemplary embodiments. Among other things, the
scripted arbitration controller 1902 includes an 1nstruction
fetch circuit 2102, an iteration controller circuit 2104, an
instruction decoder circuit 2106, registers (2108, 2110, 2112,
2114), and an arbitration protocol controller circuit 2116.

Generally speaking, the iteration controller 2104 1nstructs
the instruction fetch circuit 2102 to fetch the next script
instruction from the script storage 1903, beginning with
index O and incrementing the index each iteration until last
script 1nstructions 1s executed, as indicated by a value
received from the Done register 2114. The instruction
decoder 2106 decodes each instruction fetched by the
instruction fetch circuit 2102 and stores the mask value from
the instruction in the mask register 2108, stores the priority
value from the 1nstruction in the priority register 2110, stores
the count value from the instruction in the count register
2112, and stores the done value from the instruction 1n the
done register 2114.

The arbitration protocol controller 2116 executes the
arbitration protocol specified in the script instruction. The
arbitration protocol controller circuit 2116 includes an arbi-
tration protocol selector circuit 2118, one or more arbitration
protocol (algorithm) circuits 2120, and a switching circuit
2122. Generally speaking, the arbitration protocol selector
2118 outputs an algorithm select signal 2124 based on the
value of the prionty register 2110. In the example above, a
non-zero value indicated a round-robin protocol while a zero
value indicated an age-based protocol, although other values
and other protocols may be supported 1n various alternative
embodiments, and the arbitration protocol selector 2118 may
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receive feedback signals (not shown) from various arbitra-
tion protocol circuits 2120 to determine whether/when to
select the default protocol. Each arbitration protocol circuit
generally recetves the inputs and arbitrates among the inputs
based on values stored 1n the mask register 2108, the priority
register 2110, and the count register 2112. For example, with
reference again to FIG. 20, when executing the instruction
corresponding to index 4, the age-based arbitration protocol
circuit typically would run two iterations of age-based
arbitration across sources 1-4. The switching circuit 2122
outputs the appropriate grants based on the algorithm select
signal 2124 and the outputs from the selected arbitration
protocol circuit. The arbitration protocol controller 2116
outputs a signal 2126 when the arbitration iteration 1is
completed. Upon receiving the signal 2126, the iteration
controller 2104 determines the next script mstruction to be
tetched and signals the 1nstruction fetch circuit 2102 to fetch
the next script instruction (e.g., 1t the value received from
the Done register 2114 indicates that the last script mnstruc-
tion was executed, then the next script instruction would be
index 0, otherwise the next script mstruction would be the
next index value).

FI1G. 22 1s a schematic diagram showing additional details
of the arbitration protocol controller 2116, in accordance
with various exemplary embodiments. Here, the arbitration
protocol controller 2116 has separate circuits for each of a
number of arbitration protocols/algorithms (in this example,
a round-robin algorithm, an age-based algorithm, and a
default algorithm) that are executed 1n parallel based on the
priority and mask values provided by the arbitration protocol
selector 2118. Based on the value stored in the priority
register 2110, the arbitration protocol selector 2118 provides
an algorithm select signal 2124 to the switching circuit 2122
to select the winner to be granted access 1n a given grant
cycle. The arbitration protocol selector 2118 may receive
teedback signals (not shown) from the round-robin algo-
rithm and the age-based algorithm in order to determine
when to select the default algorithm.

It should be noted that the scripted arbiter may be con-
figured to run any of the arbitration schemes described
herein, such as, for example, the age-based arbitration
scheme described herein with reference to FIGS. 6-7 and/or
the predictive arbitration scheme described herein with
reference to FIGS. 8-9 and/or the shared-credit arbitration
scheme described herein with reference to FIGS. 10-18. It
should be noted that the count field of the exemplary script
can facilitate implementation of the predictive arbitration
scheme by providing multiple grant cycles in which to
distribute accesses across multiple sources based on the
number of competing sources.

Miscellaneous

Various exemplary embodiments may implement predic-
tive arbitration, age-based arbitration, shared-credit arbitra-
tion, and/or scripted arbitration of the types described herein
individually or in any combination including two or more of
the types of arbitration.

Switching systems of the types described herein may be
used to interconnect virtually any type or types of devices.
In certain specific exemplary embodiments, the switching
systems of the types described herein may be used to
interconnect modular computing resources of a high-perfor-
mance computing (HPC) system. FIG. 23 schematically
shows a logical view of an exemplary high-performance
computing system 100 that may be used with illustrative
embodiments ol the present invention. Specifically, as
known by those in the art, a “high-performance computing,
system,” or “HPC system,” 1s a computing system having a
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plurality of modular computing resources that are tightly
coupled using hardware interconnects, so that processors
may access remote data directly using a common memory
address space.

The HPC system 100 includes a number of logical com-
puting partitions 120, 130, 140, 150, 160, 170 for providing
computational resources, and a system console 110 for
managing the plurality of partitions 120-170. A “computing
partition” (or “partition”) in an HPC system 1s an adminis-
trative allocation of computational resources that runs a
single operating system instance and has a common memory
address space. Partitions 120-170 may communicate with
the system console 110 using a logical communication
network 180. A system user, such as a scientist or engineer
who desires to perform a calculation, may request compu-
tational resources from a system operator, who uses the
system console 110 to allocate and manage those resources.
Allocation of computational resources to partitions 1s
described below. The HPC system 100 may have any
number ol computing partitions that are administratively
assigned as described 1n more detail below, and often has
only one partition that encompasses all of the available
computing resources. Accordingly, this figure should not be
seen as limiting the scope of the invention.

Each computing partition, such as partition 160, may be
viewed logically as 1f 1t were a single computing device,
akin to a desktop computer. Thus, the partition 160 may
execute software, including a single operating system
(“OS”) mstance 191 that uses a basic input/output system
(“BIOS”) 192 as these are used together in the art, and
application soiftware 193 for one or more system users.

Accordingly, as also shown in FIG. 23, a computing
partition has various hardware allocated to 1t by a system
operator, including one or more processors 194, volatile
memory 195, non-volatile storage 196, and input and output
(“I/O”) devices 197 (e.g., network ports, video display
devices, keyboards, and the like). However, in HPC systems
like the embodiment 1 FIG. 23, each computing partition
has a great deal more processing power and memory than a
typical desktop computer. The OS software may include, for
example, a Windows® operating system by Microsoit Cor-
poration of Redmond, Wash., or a Linux operating system.
Moreover, although the BIOS may be provided as firmware
by a hardware manufacturer, such as Intel Corporation of
Santa Clara, Calif., 1t 1s typically customized according to
the needs of the HPC system designer to support high-
performance computing.

As part of 1ts system management role, the system console
110 acts as an interface between the computing capabailities
of the computing partitions 120-170 and the system operator
or other computing systems. To that end, the system console
110 1ssues commands to the HPC system hardware and
software on behalf of the system operator that permit, among,
other things: 1) booting the hardware, 2) dividing the system
computing resources into computing partitions, 3) 1nitializ-
ing the partitions, 4) monitoring the health of each partition
and any hardware or software errors generated therein, 5)
distributing operating systems and application soitware to
the various partitions, 6) causing the operating systems and
soltware to execute, 7) backing up the state of the partition
or soltware therein, 8) shutting down application software,
and 9) shutting down a computing partition or the entire
HPC system 100.

Additional details of certain exemplary HPC systems can
be found 1n U.S. Pat. No. 9,237,093 entitled BANDWIDTH
ON-DEMAND ADAPTIVE ROUTING, which 1s hereby

incorporated herein by reference 1n 1ts entirety.




US 10,944,694 B2

19

While the various aspects of the invention are described
through the above-described exemplary embodiments, it
should be noted that modifications to, and variations of, the
illustrated embodiments may be made without departing
from the inventive concepts disclosed herein. Furthermore,
disclosed aspects, or portions of these aspects, may be
combined in ways not listed above and/or not explicitly
claimed. Accordingly, the invention should not be viewed as
being limited to the disclosed embodiments.
Although certain aspects of various exemplary embodi-
ments may have been described with reference to flowcharts
and/or block diagrams, 1t should be noted that functions,
operations, decisions, etc. of all or a portion of each block,
or a combination of blocks, may be combined, separated into
separate operations, or performed in other orders in some
situations. All or a portion of each block, or a combination
of blocks, may be implemented as computer program
instructions (such as software), hardware (such as combi-
natorial logic, Application Specific Integrated Circuits
(ASICs), Field-Programmable Gate Arrays (FPGAs) or
other hardware), firmware or combinations thereol. Some
embodiments may be implemented by a processor execut-
ing, or controlled by, mnstructions stored 1n a memory. The
memory may be random access memory (RAM), read-only
memory (ROM), flash memory or any other memory, or
combination thereof, suitable for storing control software or
other instructions and data. Instructions defining the func-
tions of the present invention may be delivered to a proces-
sor 1n many forms, including, but not limited to, information
permanently stored on tangible, non-transitory, non-writable
storage media (e.g., read-only memory devices within a
computer, such as ROM, or devices readable by a computer
I/0O attachment, such as CD-ROM or DVD disks), informa-
tion alterably stored on tangible, non-transitory, writable
storage media (e.g., floppy disks, removable flash memory
and hard drives) or iformation conveyed to a computer
through a communication medium, including wired or wire-
less computer networks.
Although the above discussion discloses various exem-
plary embodiments of the invention, 1t should be apparent
that those skilled in the art can make various modifications
that will achieve some of the advantages of the imnvention
without departing from the true scope of the imnvention.
What 1s claimed 1s:
1. A switch with predictive arbitration, the switch com-
prising:
a plurality of output ports, wherein a respective output
port 1s associated with one or more data streams of
packets, one or more mput ports, and a predictive
arbitration circuit for arbitrating access by the one or
more data streams to the output port, wherein the
predictive arbitration circuit 1s configured to:
determine, for each data stream, a count of data sources
associated with the data stream:;

determine a count of a total number of data sources
competing for access to the output port based on the
count of data sources for each data stream; and

provide access for a respective data stream to the output
port based on the count of the data sources for the
data stream and the count of the total number of data
sources competing for the output port.

2. The switch of claim 1, wherein the predictive arbitra-
tion circuit 1s further configured to receive, from at least one
of the one or more input ports, the count of data sources
associated with the data stream.

3. The switch of claim 2, wherein the count of data
sources associated with the at least one mput port indicates
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a count of a respective communication connection between
the mput port and the output port.

4. The switch of claim 2, wherein the count of data
sources 1ncorporates a data source outside of a communi-
cation connection between the mnput port and the output port.

5. The switch of claim 1, wherein the predictive arbitra-
tion circuit 1s configured to provide access for the data
stream to the output port in proportion to the count of data
sources for the data stream relative to the count of the total
number of data sources competing for the output port.

6. The switch of claim 1, wherein the predictive arbitra-
tion circuit 1s configured to output the count of the total
number of data sources competing for access to the output
port using dedicated circuitry in the output port.

7. An arbiter for use 1n arbitrating access for one or more
data streams, the arbiter comprising:

an output port associated with one or more data streams

of packets and one or more mnput ports; and

a predictive arbitration circuit configured to:

determine, for each data stream, a count of data sources
assoclated with the data stream:

determine a count of a total number of data sources
competing for access to the output port based on the
count of data sources for each data stream; and

provide access for a respective data stream to the output
port based on the count of the data sources for the
data stream and the count of the total number of data
sources competing for the output port.

8. The arbiter of claim 7, wherein each data stream of the
one or more data streams 1s associated with a distinct input
port of the one or more mnput ports.

9. The arbiter of claim 7, wherein the predictive arbitra-
tion circuit 1s further configured to receive, from at least one
of the one or more input ports, the count of data sources
associated with the data stream.

10. The arbiter of claim 9, wherein the count of data
sources associated with the at least one mput port indicates
a count of a respective communication connection between
the 1put port and the output port.

11. The arbiter of claim 9, wherein the count of data
sources 1ncorporates a data source outside of a communi-
cation connection between the input port and the output port.

12. The arbiter of claim 7, wherein the predictive arbi-
tration circuit 1s configured to provide access for the data
stream to the output port 1n proportion to the count of data
sources for the data stream relative to the count of the total
number of data sources competing for the output port.

13. The arbiter of claim 7, wherein the predictive arbi-
tration circuit 1s Turther configured to output the count of the
total number of data sources competing for access to the
output port using dedicated circuitry 1n the output port.

14. A method for arbitrating access for one or more data
streams to an output port of a switch, the method compris-
ng:

receiving, by the output port, one or more data streams of

packets from one or more nput ports;

determining, for each data stream, a count of data sources

assoclated with the data stream;

determining a count of a total number of data sources

competing for access to the output port based on the
count of data sources for stream:; and

providing access for a respective data stream to the output

port based on the count of the data sources for the data
stream and the count of the total number of data sources
competing for the output port.




US 10,944,694 B2

21

15. The method of claim 14, wherein each data stream of
the one or more data streams 1s associated with a distinct
input port of the one or more 1nput ports.

16. The method of claim 15, wherein determining a count
ol data sources associated with the data stream comprises
receiving the count of the number of data sources associated
with the data stream from an mput port associated with the
data stream.

17. The method of claim 16, wherein the count of data
sources associated with the input port indicates a count of a
respective communication connection between the input
port and the output port.

18. The method of claim 16, wherein the count of data
sources incorporates a data source outside of a communi-
cation connection between the input port and the output port.

19. The method of claim 14, wherein providing access for
the data stream comprises providing access for the data
stream to the output port 1n proportion to the count of data
sources for the data stream relative to the count of the total
number of data sources competing for the output port.

20. The method of claim 14, further comprising output-
ting the count of the total number of data sources competing,
for access to the output port using dedicated circuitry in the
output port.

21. The switch of claim 1, wherein each data stream of the
one or more data streams 1s associated with a distinct input
port of the one or more input ports.
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